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ABSTRACT
Numerous tidal disruption event (TDE) candidates originating from galactic centres have been
detected (e.g., by Swift and ASASSN). Some of their host galaxies show typical characteristics
of a weak active galactic nucleus (AGN), indicative of a pre-existing accretion disc around the
supermassive black hole (SMBH). In this work, we develop an analytic model to study how
a pre-existing accretion disc affects a TDE. We assume the density of the disc ρ ∝ R−λ,
R being the radial distance from the SMBH and λ varying between 0.5and1.5. Interactions
between the pre-existing accretion disc and the stream of the tidally disrupted star can stall
the stream far from the SMBH, causing a sudden drop in the rate of fallback of gas into the
SMBH. These interactions could explain the steep cut-off observed in the light curve of some
TDE candidates (e.g., Swift J1644 and Swift J2058). With our model, it is possible to use the
time of this cut-off to constrain some properties pertaining to the pre-existing accretion disc,
such as λ and the disc viscosity parameter α. We demonstrate this by applying our theory to
the TDE candidates Swift J1644, Swift J2058 and ASASSN-14li. Our analysis favours a disc
profile with λ ∼ 1 for viscosity parameters α ∼ 0.01− 0.1.
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1 INTRODUCTION
Stars orbiting too close to a supermassive blac khole (SMBH) get
pulled apart by strong tidal forces, resulting in a tidal disruption
event (TDE). In order for this to occur, the pericentre passage of the
star must be within the tidal radius rt = R∗(Mbh/M∗)
1
3 , where
R∗ and M∗ are the radius and mass of the star, respectively, and
Mbh is the mass of the SMBH (Rees 1988). Following a TDE,
about half of the stellar material forms a bound debris stream (BDS)
that eventually returns to the vicinity of the SMBH and can lead to
tidal disruption flares (e.g., Ulmer 1999; Strubbe & Quataert 2009;
Lodato & Rossi 2011; Guillochon & Ramirez-Ruiz 2013).
Many tidal disruption flare candidates have been detected
at multiple wavelengths (a detailed list of these candidates is
given in The Open TDE Catalog1 managed by Katie Auchettl
and James Guillochon). There is also evidence that some
TDEs launch powerful relativistic jets (e.g., Bloom et al. 2011;
Burrows et al. 2011; Cenko et al. 2012; Pasham et al. 2015). Sim-
ulations show that magnetic fields from the disrupted mate-
rial alone may be insufficient to produce a jet in these events
(such as in Swift J1644). A possible solution to this prob-
lem is found if the magnetic field of a pre-existing accretion
disc is included in these systems (Tchekhovskoy et al. 2014;
Kelley, Tchekhovskoy & Narayan 2014).
⋆ Email: akathirg@purdue.edu (AK), rbarniol@purdue.edu (RBD), dgian-
nio@purdue.edu (DG)
1 https://tde.space
In recent years, the All-Sky Automated Survey for Su-
pernovae (ASASSN) has detected multiple TDE candidates at
galactic centres (Shappee et al. 2014). In particular, ASASSN-
14li (Holoien et al. 2016; Brown et al. 2017) shows evidence that
its host galaxy harbours a weak active galactic nucleus (AGN;
Alexander et al. 2016; Prieto et al. 2016). AGNs are powered by
an accretion disc which funnels gas into an SMBH.
Optical observations from a majority of TDE host galax-
ies yield line emission ratios similar to that of AGNs
(French, Arcavi & Zabludoff 2017). This supports the claim that
TDE rates are enhanced in AGNs (e.g., Kennedy et al. 2016). Fur-
thermore, many TDE host galaxies show properties similar to post-
merger galaxies (Arcavi et al. 2014; French, Arcavi & Zabludoff
2016), and galaxy mergers are believed to be correlated with AGN
activity (e.g., Springel, Di Matteo & Hernquist 2005). These re-
sults stress the importance of understanding how TDEs behave in
the presence of a pre-existing accretion disc.
Previous work by Bonnerot, Rossi & Lodato (2016) investi-
gated the effect of TDEs in the presence of a very low-density,
static corona. They found that the interaction between the BDS and
the corona leads to Kelvin-Helmholtz instabilities, which may, in
some cases, dissolve the TDE stellar stream. Their results were rel-
evant for the disruption of giant stars. In this work, we study how
a rotationally supported pre-existing accretion disc can affect the
dynamics of the BDS. Our study identifies observable effects even
in the case of the disruption of main sequence stars. In general, the
accretion disc can alter the fallback of the BDS on to the SMBH,
thereby modifying the duration of the flare and their observed light
curves. We find our results to be very sensitive to the accretion disc
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model. This enables us to use TDEs to probe the structure of accre-
tion discs at galactic centres.
In Section 2, we describe the model used for the pre-existing
accretion disc and the BDS. In Section 3, we calculate the dynam-
ics of the BDS as it travels through the accretion disc and study
how this might affect TDE observations. In Section 4, we present
our results and apply our theory to TDE candidates around accret-
ing SMBHs in Section 5. We discuss our results and conclude in
Section 6.
2 MODELLING THE PRE-EXISTING ACCRETION DISC
AND THE BOUND DEBRIS STREAM
In this work, we consider an SMBH surrounded by a pre-existing
accretion disc. The disc extends out to a scale comparable to the
Bondi radius, typically a fraction of a parsec. Before the TDE, as
the star gets closer to the black hole, it travels unimpededly towards
it. The stellar density is much larger than the density of the accre-
tion disc, so the stellar trajectory is not affected by the presence of
the accretion disc. As the star is disrupted, the bound stellar mate-
rial, now in the form of a BDS, expands as it traverses through the
accretion disc. We assume a geometrically thick disc, as expected
in low-luminosity AGN systems. We take the height of the disc
(H) to be on the order ofR/2,R being the radial distance from the
SMBH. Using the solid angle subtended by the disc, we estimate
roughly half of all possible stellar orbits will lie within the plane of
the disc in our model. For simplicity, in what follows, we assume a
coplanar disc-BDS configuration.
2.1 The pre-existing accretion disc around the SMBH
We parametrize the density of the pre-existing accretion disc
around the black hole by assuming it accretes at some fraction
of the Eddington accretion rate. The Eddington luminosity of a
black hole of mass Mbh is Ledd ≈ 10
44M6 erg/s, where M6 =
Mbh/10
6M⊙. The mass accretion rate that corresponds to this lu-
minosity depends on the efficiency η, and is given by
M˙edd =
Ledd
ηc2
=
4piGMbhmp
ησTc
, (1)
where σT is the Thomson cross-section for an electron, mp is the
mass of a proton, c is the speed of light and G is the gravitational
constant. We can normalize a given mass accretion rate to the black
hole, M˙ , to this quantity by defining m˙ = M˙/M˙edd. Therefore,
if a pre-existing accretion disc is present, its mass accretion rate is
given by
M˙ =
4piGMbhmp
ησTc
m˙ = (1023 g/s) m˙M6η
−1. (2)
The mass accretion rate from a thick disc can be obtained by
extending the Shakura & Sunyaev (1973) thin disc model to a scale
height of the disc H ∼ R/2, where R is the radial distance from
the black hole, and it is given by
M˙ =
pi
2
R2αvkρ, (3)
where α is the viscosity parameter, vk is the Keplerian speed and
ρ is the density of the disc at a distance R. The Keplerian speed at
a distance R from the black hole is vk = c
√
Rg/R, where Rg =
GMbh/c
2
≈ 1.5 × 1011M6 cm.
The number density of particles in the disc is n = ρ/mp. At a
distance R0 = 10Rg, the number density n0 can be obtained using
equations (2) and (3), and is given by
n0 =
8c2
10
3
2 σTG
(
m˙
αη
)
M−1bh ≈ (1.7×10
12 cm−3) m˙M−16 α
−1η−1.
(4)
From now on, we will use µ = αη
m˙
to parametrize the disc density
close to the SMBH. We will explore typical values of η, α
∼
< 0.1
and m˙
∼
< 0.01 for which µ may be of order unity . We assume that
far from the SMBH (R
∼
> R0), the density of the accretion disk
drops as ∝ R−λ. Therefore, the density at distance R is
n = n0
(
R
R0
)−λ
. (5)
Throughout this work, we consider λ to be within 0.5 − 1.5,
which are the limits set by the Convection-Dominated Accre-
tion Flow (CDAF; Narayan, Igumenshchev & Abramowicz 2000;
Quataert & Gruzinov 2000 and Advection-Dominated Accretion
Flow (ADAF; Narayan & Yi 1994) models for accretion discs, re-
spectively. We will show how TDE observations might allow us to
constrain the important parameter λ, which sets the density profile
of the disc.
2.2 Geometry and dynamics of the bound debris stream
We assume the star approaches the SMBH on a highly elliptical
orbit with a pericentre distance rp ∼ rt, in order to avoid the com-
plications that arise from deeply penetrating orbits. After the star
is disrupted by the SMBH, the stellar debris forms an elongated,
cylindrical stream (Guillochon et al. 2016) of diameter h. The
stream initially evolves under self-gravity, with its diameter scaling
as h ∝ R1/4, where R here is the distance from the SMBH to the
stream (Kochanek 1994; Guillochon, Manukian & Ramirez-Ruiz
2014). Initially, the temperature of the stream evolves adiabati-
cally as T ∝ ρ(γ−1), where γ = 5/3 and ρ is the density of the
stream (Kasen & Ramirez-Ruiz 2010). When the stream has cooled
to a temperature Trec ≈ 10
4K it undergoes recombination, during
which the temperature of the stream (for a solar-type star) remains
roughly constant (Kasen & Ramirez-Ruiz 2010). When the stream
starts recombining it no longer self-gravitates, instead it expands
laterally at its internal sound speed cs ≈
√
γkbTrec/mp ≈ 1.6 ×
106 cm/s (Guillochon et al. 2016). After recombination, the stream
continues to evolve adiabatically. Following this evolution, the di-
ameter h of the BDS is given in equation (10) of Guillochon et al.
(2016) as
h = 2R∗
(
min[R, rrec]
rp
) 1
4
+max[cs(t− trec), 0], (6)
where rrec and trec are the radius and time at which recombination
occurs and rp is the pericentre distance of the star. Throughout this
work, we will assume rp = rt. We can relate the apocentre distance
of each stream element to the time of its apocentre passage using
Kepler’s third law
rapo = 2a− rt ≈ 2a = 2
(
GMbh t
2
apo
pi2
) 1
3
, (7)
where a is the semi-major axis and we have used the fact that rt ≪
a. Unless otherwise specified, we take t = tapo and r = rapo from
now on. According to equation (6), for times t ≫ trec, h ≈ cst is
a good approximation (Guillochon et al. 2016).
A useful time-scale is the fallback time of the most bound ma-
terial (tfall). The specific orbital energy of the most bound material
c© 2016 RAS, MNRAS 000, 000–000
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is∼ GMbhR∗/r
2
t (e.g., Lacy, Townes & Hollenbach 1982). Using
Kepler’s law in terms of orbital energy, we find
tfall =
piR
3
2
∗
M∗
(
Mbh
2G
) 1
2
≈ (3.6× 106s)
r
3
2
∗ M
1
2
6
m∗
, (8)
wherem∗ = M∗/M⊙ and r∗ = R∗/R⊙.
We approximate the length of the stream to be l ≈ 2a ≈ r.
Assuming a uniform stream, we can calculate its number density as
ns =
M∗
2pi(h/2)2rmp
. (9)
The factor of 2 in the denominator appears because roughly half of
the star remains bound to the SMBH. Another quantity we will use
later is the apocentre velocity of the stream element. It is given by
the vis-viva equation
vapo =
√
GMbh
(
2
r
−
1
a
)
. (10)
We use the exact expression for r given in equation (7) and Taylor-
expand it in powers of rt/a. Keeping only the first-order term
(since rt ≪ a), we find
vapo ≈
1
a
√
GMbh
rt
2
. (11)
3 INTERACTIONS BETWEEN THE PRE-EXISTING
DISC AND THE BDS
All interactions between the disc and the BDS are considered at the
apocentre passage of each stream element. Each stream element
travels the slowest at its apocentre passage, therefore the time of
interactions with the disc is maximized at this point. Also the den-
sity ratio of the stream to that of the disc is lower at this point. This
means that the disc can have a more significant impact on the BDS
at or after apocentre passage.
We can approximate the relative velocity between the BDS
and the disc at apocentre to be the Keplerian velocity (the assumed
velocity of the accretion disc), since
vapo
vk(r)
≈
√
rt
a
≪ 1. (12)
Therefore, at apocentre, we can assume the BDS is stationary and
the disc material “rams” the stream with speed ∼ vk. Since this
paper focuses on interactions at apocentre passage, our results are
insensitive to whether the disc is prograde or retrograde to the BDS
as the interactions at apocentre will be described similarly in both
cases.
Interactions between the disc and the BDS can manifest in the
form of a shock which propagates through the BDS. These shocks
can directly affect the trajectory of the BDS and prevent it from
reaching the black hole (Section 3.1). The velocity difference be-
tween the disc and the shocked BDS can lead to the development of
Kelvin–Helmholtz (KH) instabilities (Section 3.2). If this instabil-
ity grows sufficiently fast within the BDS, it can completely disrupt
it and also prevent the BDS from reaching the black hole. In some
cases, the interactions may not be strong enough to form a shock
or to trigger the instabilities. For these cases, we estimate the mo-
mentum imparted by the disc on to the BDS and assess whether the
BDS trajectory is perturbed enough to prevent it from reaching the
black hole (Section 3.3).
3.1 Interaction via shocks
The interaction between the disc and the BDS produces a shock that
travels laterally through the stream. The speed of the shock front,
in the frame of the shocked fluid, can be approximated by equating
the ram pressure of the disc with the ram pressure of the shock.
This yields
vsh ≈
1
3
(
n
ns
) 1
2
vk =
10
1
4 c
15
(
pimp
µσTM∗
) 1
2
h
(
10GMbh
c2r
)λ
2
.
(13)
The time taken for the shock to cross the debris stream at apoc-
entre is
tcross =
h
4vsh
=
3× 5
3
4
2
9
4 c
(
µσTM∗
pimp
) 1
2
(
c3tapo
pi 5
3
2GMbh
)λ
3
,
(14)
which, given the geometry of the problem, turns out to be inde-
pendent of h. The factor of 4 appears in the denominator due to the
reference frame considered: 4vsh corresponds to the speed at which
the shock propagates into the stream, in the stream rest frame.
These calculations are valid only for a strong shock (i.e. when the
Mach number, vsh/csound ≫ 1).
The time when tcross ≈ tapo yields the time when the shock
completely crosses the BDS at apocentre (“shock-crossing time”),
which is given by
tshock =
[
3× 5
3
4
2
9
4 c
(
µσTM∗
pimp
) 1
2
(
pi 5
3
2GMbh
c3
)−λ
3
] 3
3−λ
.
(15)
Considering the range of values for the parameter λ = 0.5 − 1.5,
the shock-crossing time for the fiducial parameters is
tshock ≈


(6× 106s)µ
3
5m
3
5
∗M
−
1
5
6 λ =0.5 (16a)
(108s)µ
3
4m
3
4
∗M
− 1
2
6 λ =1 (16b)
(7× 109s)µm∗M
−1
6 λ =1.5. (16c)
Since the density of the disc ρ ∝ R−λ, larger values of λ imply a
steeper drop in density. This results in weaker interactions, which
lead to a lower shock velocity and a longer time for the shock to
cross the BDS. However, for flat disc profiles (λ ∼ 0.5) and µ ∼ 1,
the shock crosses within a few months after the TDE.
The shock alters the velocity of the BDS, but if the shock is
too weak, it may not sufficiently modify the trajectory of the BDS
so as to prevent the stream from falling back to the SMBH. In these
cases, we find that the KH instability that grows in the disc–BDS
interface is able to stall the BDS. We show below that as long as a
shock exists, KH instabilities develop along the interface of the disc
and the BDS. These instabilities will disrupt the entire stream on a
time-scale similar to the shock-crossing time (at tshock), preventing
the BDS from falling back to the black hole.
3.2 Kelvin–Helmholtz instability
As the shock crosses the BDS, the shocked fluid becomes prone to
KH instability (since it is in pressure balance with the disc ma-
terial). This instability will disrupt the stream when it grows to
a wavelength of size ∼ h (Bonnerot, Rossi & Lodato 2016). The
time taken for this growth is given by (e.g. Choudhuri 1998)
tKH ≈
h
vk
(
1 +
ns
n
) 1
2
=
h
3vsh
(
1 +
n
ns
) 1
2
, (17)
c© 2016 RAS, MNRAS 000, 000–000
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where we have used equation (13) to obtain the last equality. In
deriving the above equation, we ignore self-gravity of the stream
since trec<tfall in all cases considered throughout this paper (see
Section 2.2). For the parameters considered in this work, the disc is
less dense than the stream (i.e. n/ns ≪ 1), allowing us to approx-
imate tKH ≈ h/3vsh ≈ tcross. This approximation is valid even
if the shock is weak. Therefore, as long as a shock exists, the KH
instability will disrupt the BDS when the shock completely crosses
the stream at tshock. So the fallback of material on to the SMBH
gets cut-off at tshock provided there is a shock. A shock exists when
Tsh
Ts
(tshock) > 1, (18)
where Tsh is the temperature of the shocked fluid and Ts is the tem-
perature of the pre-shocked BDS, and we have evaluated the ratio
at tshock. For a more detailed calculation on the shock conditions
see the Appendix.
3.3 Momentum imparted by the disc
In some situations, the interaction between the disc and the BDS
is not strong enough to produce a shock (e.g., if the disc density
is too low or if the temperature of the BDS is too high). For these
cases condition (18) is not satisfied, so a shock does not propagate
through the BDS.When there is no shock, the momentum imparted
by the disc on to the BDS might be sufficient to affect its trajectory.
Consider a stream element at apocentre, its initial momentum will
be vapo(t)dm, where t corresponds to the apocentre time of this
element and dm = M∗
2r
dr (we take a slice of the stream in the radial
direction). Let ρ be the density of the disc. The disc ’sees’ a cross-
section h(t)dr of the stream. The amount of momentum transferred
from the disc on to the stream element after some time τ since
disruption will be ∼ ρv2khτdr. From momentum conservation, we
obtain
vs(τ )dm = vapo(t)dm− ρv
2
khτdr, (19)
where vs is the final speed of the stream element. In order to stall
the stream, that is, to prevent it from reaching the black hole, we
will assume the momentum imparted by the disc should reduce the
BDS velocity by at least a factor of ∼ 2 (i.e. vs(τ ) = 0.5vapo).
Expressing the above equation in terms of time, we find that the
time for this velocity change to occur is
τ =
5
3
2 pi
2
3G
1
6 σT µ
16 cs c2mp
M
5
6
∗ R
1
2
∗ M
1
3
bh
(
c3
5
3
2 piGMbh
) 2λ
3
t
2λ−5
3 ,
(20)
where we used h = cst, which is valid since trec<tfall.
The maximum time each stream element has to interact with
the disc is of the order of its apocentre time t. Equating τ ≈ t
yields the ’stalling time’ of the stream (due to impulse from the
disc), given by
τstall =
(
5
3
2 pi
2
3G
1
6 σT µ
16 cs c2mp
M
5
6
∗ R
1
2
∗ M
1
3
bh
(
c3
5
3
2 piGMbh
) 2λ
3
) 3
8−2λ
.
(21)
Considering the range of values for the parameter λ = 0.5–1.5, the
stalling time of the stream for the fiducial parameters is
τstall ≈


(2× 107s)µ
3
7 r
3
14
∗ m
5
14
∗ λ =0.5 (22a)
(108s)µ
1
2 r
1
4
∗ m
5
12
∗ M
− 1
6
6 If λ =1 (22b)
(2× 109s)µ
3
5 r
3
10
∗ m
1
2
∗M
−
2
5
6 λ =1.5. (22c)
As in the case of the shock-crossing time, the stalling time increases
with λ since the density of the disc falls off more steeply as λ in-
creases.
3.4 The cut-off time
From the above calculations, we can estimate a time-scale at which
the fallback of the BDS on to the SMBH ceases. We will call this
the ’cut-off time’ (tcutoff ) and define it as
tcutoff =
{
tshock − tfall if
Tsh
Ts
(tshock) > 1 (23a)
τstall − tfall otherwise. (23b)
In order to represent observations more accurately, we assume
the TDE is detected at a time similar to the fallback time of the
most bound material, hence we subtract tfall in the above equation.
We show a plot of tshock, τstall and tfall versus SMBH mass in Fig.
1 (top panel), in the same figure we show the corresponding cut-
off time tcutoff (bottom panel). Since these time-scales depend on
both the disc density and its profile, as an example for this plot we
choose λ = 1, m˙ = α = 0.01 and η = 0.1 (other parameters
are considered and discussed in Section 4). We find that for lower
mass SMBHs, the cutoff time is due to shock-crossing given by
equation (23a), but for SMBHs of mass
∼
> 5× 105M⊙, there is no
shock in the BDS since condition (18) is not satisfied. In this case
the stalling mechanism transitions to impulse caused by the disc;
see equation (23b). This transition is seen as a discontinuous jump
in the cut-off time.
3.5 Identifying cut-off time from observations
Tidal disruption flares caused by the BDS are interpreted in two
ways: (1) they are powered by the accretion of the bound material
on to the SMBH, which can manifest in the form of a jet or out-
flows (e.g., Strubbe & Quataert 2009; Giannios & Metzger 2011;
Bloom et al. 2011), (2) they are caused by emission from the re-
sulting accretion disc, which forms when the BDS that shocks itself
circularizes (e.g., Cannizzo, Lee & Goodman 1990; Ulmer 1999;
Guillochon, Manukian & Ramirez-Ruiz 2014). In both these sce-
narios, the flare should drop in luminosity (or cease) when the mass
feeding the flare stops. The time at which this happens should coin-
cide with the cut-off time, assuming the viscosity and the radiative
cooling time-scales of the system powering the flare are shorter
than tcutoff . Hence, regardless of which mechanism is powering
the flare, the cut-off time is a robust observable that can be used in
our model to determine the properties of the pre-existing accretion
disc.
After the cut-off time we might observe a steep decay in the
luminosity of the flare since the stream of mass powering the flare
has ceased. If the host galaxy harbours an AGN, the tidal disruption
flare luminosity will decay to some constant quiescent value Lq =
ηM˙c2 corresponding to the AGN power. Hence from observations,
we can identify the cut-off time when the light curve of the flare
becomes significantly steeper. The steeper the decay, the easier it
will be to identify tcutoff . We can gauge the steepness of this decay
by calculating the ratio of the flare luminosity at the cut-off time
(Lc) to the quiescent luminosity Lq of the AGN (see Fig. 2 for an
illustration of the cut-off time and associated luminosities). We can
estimate Lc by assuming the mass of the BDS falls back at a rate
c© 2016 RAS, MNRAS 000, 000–000
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Figure 1. Various time-scales (top panel) and the cut-off time (bottom
panel) associated with a TDE that interacts with a pre-existing accretion
disc. We assume a solar-type star and take λ = 1, m˙ = α = 0.01, η = 0.1
(see equations (8), (15), (21) and (23) for analytic expressions of time-
scales). The discontinuous jump in the cut-off time at 5× 105M⊙ appears
because the stalling mechanism of the BDS changes from being due to a
shock crossing the BDS to the disc imparting its momentum to the BDS.
M˙fb ∝ t
−s
Lc =fb ηfbM˙fb(tcutoff)c
2 = (s− 1)fb ηfb
M∗c
2
2 tfall
(
tcutoff
tfall
)−s
,
(24)
where fb is the beaming factor of the flare (fb = 1 if the flare is
not beamed and >1 if the flare is beamed), ηfb is the radiative effi-
ciency from the accretion of the fallback material. From this we can
calculate Lc/Lq. If this ratio is large, it implies a substantial steep-
ening in luminosity at tcutoff . This in turn would make identifying
tcutoff easier.
Theory predicts the temporal index, s, should be s = 5/3
(Rees 1988; Phinney 1989), and in Fig. 3 we plot the luminosity
ratio Lc/Lq versus m˙ using s = 5/3 for multiple values of α and
λ keeping the SMBH mass fixed at 106M⊙. Here we use the an-
alytic expression for tcutoff in Lc; see equation (23). We see that
in most cases, Lc/Lq ≫ 1, which means tcutoff should be easily
observable (provided Lc is above the sensitivity limits of the instru-
ment). In Fig. 3, we see the luminosity ratio can be less than unity
for larger values of λ ≈ 1.5, which means tcutoff cannot be identi-
fied in these cases, since the disc density is small and the interaction
between the disc and the BDS is weak. We show in the next sec-
tion that the cut-off time for these large values of λ is on the order
Figure 2. Diagram illustrating the light curve of a tidal disruption flare. At
tc we expect the luminosity to sharply drop from Lc to the quiescent value
Lq (horizontal dotted line) due to the interaction of the BDS and a pre-
existing accretion disc. The dashed line indicates what the flare would look
like if no pre-existing accretion disc is present.
of hundreds of years and therefore will be of little observational
relevance.
4 RESULTS
In Fig. 4, we show the cut-off time versus accretion rate (m˙) for
an SMBH of 106M⊙ for multiple density profiles of the disc. We
see the cut-off time differs significantly for different values of λ,
indicating that this time-scale is very sensitive to the density profile
of the disc.
In order to understand the dependence of the cut-off time on
the SMBH mass and also on the value of λ, we plot tcutoff versus
m˙ for multiple SMBH masses in Fig. 5. The different panels show
different values of λ = 0.5, 1, 1.5 (top, middle and bottom panels,
respectively). As mentioned in Section 3.5, for λ = 1.5 it will be
impossible to identify the cut-off time and Fig. 5 shows that tcutoff
exceeds a century for these low-density accretion discs. Hence even
the absence of a cut-off time can provide us with a lower limit for
λ.
5 APPLICATIONS TO OBSERVATIONS
As mentioned above, in the presence of a pre-existing accretion
disc, the tidal disruption flare should drop in luminosity at the cut-
off time (provided the flare luminosity is larger than the luminos-
ity of the quiescent AGN at this time). Hence we can attempt to
identify tcutoff from TDE observations and use it to constrain the
properties of a potential pre-existing accretion disc . We apply this
theory to three observed TDE candidates, Swift J1644, Swift J2058
and ASASSN-14li.
5.1 Swift J1644 and Swift J2058
The Swift J1644 TDE candidate was initially thought to be a
Gamma-ray burst (GRB). However, the long lasting X-ray flare as-
sociated with this event led to the current consensus of it being
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Figure 3. Lc/Lq versus accretion rate m˙ (normalized to Eddington) for
SMBH mass 106M⊙ and multiple values of λ with α = 0.01 (top panel)
and α = 0.1 (bottom panel). We assume a solar-type star and s = 5/3,
η = 0.1, fbηfb = 1. In most cases this ratio is very large, which suggests
a high chance of identifying tcutoff , the shaded area shows the region in
which tcutoff cannot be identified.
Figure 4. Cut-off time versus accretion rate m˙ (normalized to Eddington)
for a fixed SMBH with amass of 106M⊙ and multiple density profiles (λ)
of the disc. We assume a solar-type star and take α = 0.01 and η = 0.1
(see Section 3 for analytic expressions of tcutoff ). For disc profiles of λ ∼
< 1
and reasonably high accretion rates m˙
∼
> 10−4, the cut-off time is∼ 1 year
after the TDE, and can therefore be observable.
Figure 5. Cut-off time versus accretion rate m˙ (normalized to Eddington)
for various SMBH masses with λ = 0.5 (top panel), λ = 1 (middle panel)
and λ = 1.5 (bottom panel). We assume a solar-type star and take α =
0.01, η = 0.1 (see Section 3 for analytic expressions of tcutoff ).
a TDE candidate (e.g., Bloom et al. 2011; Burrows et al. 2011).
Swift J1644 is likely to be the first example of a jetted TDE
(Giannios & Metzger 2011). The X-ray emission lasted for ∼ 370
d (in the host galaxy frame) after which the luminosity (in X-
ray) dropped by two orders of magnitude to a constant value of
Lx ∼ 5 × 10
42 erg s−1 and has been observed for more than
4 yr now (Levan et al. 2016), this value is also consistent with
the upper limits obtained from the pre-outburst measurements of
Swift J1644 (Levan et al. 2011). Assuming an ∼ 30% of the to-
tal power is emitted in X-rays, the bolometric luminosity would be
c© 2016 RAS, MNRAS 000, 000–000
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Figure 6. Cut-off time versus SMBH mass for multiple values of λ. We
assume a solar-type star, taking α = 0.01 (top panel) and α = 0.1 (bottom
panel), fixing η = 0.1 using m˙ from equation (25). The dashed line shows
the observed cut-off time of TDE Swift J1644 (e.g. Burrows et al. 2011).
Given that Mbh is constrained to be ∼ 10
5 − 107M⊙ and other values
of λ do now match the observed cut-off time for this TDE, we constrain
λ ∼ 1.2–1.4 for α = 0.01 (top panel) and λ ∼ 0.9–1.1 for α = 0.1
(bottom panel).
L ∼ 3Lx ≈ 10
43 erg s−1. We can interpret this luminosity as the
quiescent accretion from the pre-existing disc on to the SMBH and
take tcutoff to be the time at which the drop in X-ray luminosity
was observed. The mass of the SMBH for this event is constrained
within ∼ 105 − 107M⊙ (Tchekhovskoy et al. 2014). Using this,
we can calculate
m˙ =
L
Ledd
≈
1043
1038Mbh
, (25)
where Mbh, α, η and λ are the unknown parameters. Assuming a
solar-type star was disrupted and fixing η = 0.1, we plot tcutoff
versus Mbh for multiple values of λ and α in Fig. 6. The dashed
horizontal line shows the observed cut-off time of the flare. If this
cut-off occurred due to the interaction of the BDS with the pre-
existing accretion disc, we can use our model to infer values of the
density profile of this disc λ. From Fig. 6, we find λ is constrained
between ∼ 1.2 and 1.4 if α = 0.01 and between 0.9 and 1.1 if
α = 0.1.
Swift J2058 is another TDE candidate with many similar prop-
erties to that of Swift J1644 (Cenko et al. 2012). The flare had a
sharp cut-off at ∼ 200 d, after which the luminosity (in X-rays)
dropped below 8.4 × 1042 erg s−1 (Pasham et al. 2015), these au-
thors also found the SMBH mass to be constrained between 104
and 106M⊙. Using this upper limit on the quiescent luminosity
and equation (25), we find m˙
∼
< 0.3/M6 (assuming a pre-existing
accretion disc is present). We can repeat the procedure done for
Swift J1644 to find some limits on λ (we cannot constrain λ since
a quiescent luminosity was not observed, so the value of m˙ is not
known). If α = 0.01 we do not find any limit on λ. If α = 0.1 we
find λ
∼
< 1.2 forMbh = 10
5M⊙ and λ
∼
< 1 forMbh = 10
6M⊙.
5.2 ASASSN-14li
The flare of ASASSN-14li event shows many similar characteris-
tics to those of other TDE candidates, such as broad hydrogen and
helium lines and strong blue continuum emission (Holoien et al.
2016). Recent X-ray observations (Brown et al. 2017) show this
flare continuing for more than 600 d (hence tcutoff > 600 d).
The host galaxy of ASASSN-14li shows evidence of being a weak
AGN, with an estimated lower limit of ∼ 2 × 1041 erg s−1 on
its quiescent emission (Prieto et al. 2016). Using equation (25), we
obtain m˙
∼
> 2000/Mbh, where the SMBH mass is constrained be-
tween 106 and 107M⊙ (e.g, Brown et al. 2017). From these limits
of m˙ and tcutoff , we can possibly rule out some accretion disc pro-
files using our model, as we describe below.
In Fig. 7 we plot tcutoff versus m˙ for multiple values of λ,
α andMbh. The dashed vertical and horizontal lines represent the
lower limits on m˙ and tcutoff , respectively. Hence from observa-
tional constraints, only solutions in the shaded quadrant of each
plot are valid. If Mbh = 10
6M⊙, we find λ
∼
> 1 for α = 0.01
and λ
∼
> 0.7 for α = 0.1. If Mbh = 10
7M⊙, we find λ
∼
> 1
for α = 0.01 and we do not obtain any interesting limit on λ if
α = 0.1.
For the TDEs considered in this section, their light curve cut-
offs occur at or after a few hundred days since disruption. Using
equation (7), we estimate that for a fiducial SMBH mass ofMbh =
106M⊙ the distance at which we probe the pre-existing accretion
disc profile is >∼ 10
−3 pc. Therefore, TDE observations are able
to probe the gas properties very close to the SMBH, which is an
important yet difficult region to probe with other methods.
6 DISCUSSION AND CONCLUSIONS
In this paper, we have analytically explored how TDEs are affected
by a pre-existing accretion disc. In particular, we find that not all
the disrupted stellar material falls into the SMBH. The fallback of
stellar material can be stalled due to its interaction with the pre-
existing accretion disc. This yields an abrupt cut-off in the light
curve of TDEs and this cut-off time can be used to obtain valuable
information on the pre-existing accretion disc density. Our frame-
work allows us to use TDE light curves as powerful tools in diag-
nosing the otherwise elusive gas properties close to the SMBHs.
We have applied our theoretical framework to TDEs in which
an abrupt cut-off has been observed: Swift J1644 and Swift J2508.
In the first case, the sharp cut-off observed in the X-ray light curve
settles to a constant luminosity, indicative of a low-luminosity AGN
activity (Levan et al. 2016). This strongly implies the presence of a
pre-existing accretion disc around the SMBH for this object. These
observations allow us to constrain the pre-existing accretion disc
density to drop as ∝ R−(0.9–1.4) for a disc viscosity parameter of
α ∼ 0.01–0.1. In the second case, the sharp cut-off is also observed
in the TDE X-ray light curve; however, only an upper limit is avail-
able for the emission after the sharp cut-off (Pasham et al. 2015).
This allows us to constrain the pre-existing accretion disc density
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Figure 7. Cut-off time versus accretion rate m˙ for multiple values of λ
with Mbh = 10
6M⊙ (bottom panel) and Mbh = 10
7M⊙ (top panel).
We assume a solar-type star, taking α = 0.01 (solid lines) and α = 0.1
(dashed lines), fixing η = 0.1. Dashed vertical and horizontal lines repre-
sent the lower limits on m˙ and tcutoff respectively and are inferred from
observations of ASASSN-14li (Brown et al. 2017; Prieto et al. 2016). These
inferred values restrict solutions to the shaded quadrant.
profile to be roughly ∝ R−1 or shallower for α ∼ 0.1. Although
these two cases pertain to TDEs accompanied by a jet, our theoreti-
cal framework can also be applied to TDEs without a jet. For exam-
ple, in the case of ASASSN-14li, the host galaxy shows evidence
of weak AGN activity (Prieto et al. 2016), which could indicate the
presence of a pre-existing accretion disc. Even though this TDE
does not display an abrupt cut-off in its light curve, a meaningful
constrain can still be obtained with the absence of a cut-off. We
find that the pre-existing accretion disc profile in this case must be
roughly ∝ R−1 or steeper for α ∼ 0.01, since shallower profiles
would have already prevented the stellar material from reaching the
SMBH, in which case the abrupt cut-off should have already been
detected.
Radio observations of TDEs provide an independent method
of constraining the gas density close to the SMBH. This is done
by modelling the radio emission assuming that it originates in a
shock, which is produced as a TDE outflow interacts with the gas
surrounding the SMBH. For example, for the case of Swift J1644,
Berger et al. (2012) estimate a density profile of λ ∼ 1.5 at a dis-
tance of ∼ 0.1 pc from the SMBH (albeit with a steeper profile for
<
∼ 0.1 pc). A density profile of λ ∼ 2.5 is estimated for ASASSN-
14li on a scale of ∼ 0.01 pc (Alexander et al. 2016). Although
our findings above are roughly consistent with these profiles, our
method probes the density profile at much smaller scales, of the
order of 10−3 pc. Densities inferred at larger scales might reflect
densities close to (or beyond) the Bondi radius.
We now briefly investigate the detectability of the emission
which could arise from the shocked BDS and show that it would
be observationally unimportant. To estimate the luminosity of the
shocked BDS, we need the mass of the shocked material Msh,
which can be found by integrating M˙fb(t) in equation (24) from
tcutoff to infinity. From the shock jump conditions, the internal en-
ergy of this shocked material is ≈ Mshv
2
sh, where vsh is of the
order of the sound speed (cs ≈ 1.6× 10
6 cm/s) at the cut-off time.
This internal energy provides an upper limit for the emission of the
shocked fluid. Hence the observed luminosity should be less than
≈ Mshv
2
sh/tcutoff ∼ 10
35 erg/s, which would be quite difficult to
detect.
After the BDS is stalled, it is reasonable to expect that the
stalled material will accrete on to the SMBH at a much larger time
given by the accretion time-scale. If the accretion of this stalled
material is powerful enough, it could lead to a rise in the quies-
cent luminosity which would last also on the order of the accretion
time-scale. From the cut-off time, we can obtain a cut-off distance
using equation (7) and use it to estimate the accretion time-scale
(∼ R/αvk). For typical parameters of r∗,m∗,M6, µ and λ of or-
der unity, the accretion time-scale is∼ 10 yr, and the corresponding
accretion rate of the stalled material is ∼ 0.01M˙edd. Therefore, if
the quiescent accretion rate of the AGN is lower than this value, the
accretion of the stalled material could lead to a flare that would last
∼ 10 yr. These calculations assume the BDS was stalled by shocks
(see equation 15). On a more speculative note, this could explain
the recent observations of a decade-long TDE flare presented in
Lin et al. (2017).
So far, it seems that tidal disruption flares with jetted emission
have produced an easily observable cut-off in their light curves.
In addition to the two Swift candidates mentioned in this paper,
Swift J1112 is another TDE candidate in which a cut-off may also
have been observed (Brown et al. 2015). This cut-off has previ-
ously been attributed to the accretion rate transitioning from super-
to sub-Eddington values (e.g., De Colle et al. 2012; Zauderer et al.
2013; Tchekhovskoy et al. 2014; Shen & Matzner 2014). However,
if this cut-off did occur due to the presence of a pre-existing disc,
as proposed in this work, it would be more easily detectable in a
jetted flare because its emission would be brighter due to beaming
effects (see Section 3.5). If this is the case, it is worth investigating
the correlation between observed jetted TDE flares and AGN ac-
tivity, since numerical studies show that a pre-existing disc may be
required to produce a jet during TDEs (Tchekhovskoy et al. 2014;
Kelley, Tchekhovskoy & Narayan 2014).
In order to develop a complete analytic model, some simplifi-
cations have been made. We assume a complete stellar disruption
and a penetration parameter of β = rt/rp = 1. We further as-
sume a spherically symmetric density distribution for the disc in
order to mimic a thick pre-existing accretion disc, whereas in re-
ality the disc will have some poloidal density structure. Also, our
theoretical analysis is performed only at the apocentre passage of
the BDS. In addition, we do not consider magnetic fields in the
pre-existing disc nor in the BDS, but numerical studies suggest that
including these fields may shorten the cut-off time. Recent simu-
lations by Guillochon & McCourt (2017) show that the magnetic
pressure in the BDS might cause the stream to break self-gravity
faster than at the time of recombination. This makes the stream
more susceptible to interactions with the disc, thereby shortening
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the light curve cut-off time. Magnetic fields within the disc might
amplify the drag force on the BDS and enhance the instabilities
across the disc-stream interface, thereby stalling the BDS more ef-
ficiently (Kelley, Tchekhovskoy & Narayan 2014). Hence the ex-
clusion of magnetic fields in our work gives an upper limit on the
cut-off times. These issues remain to be investigated through nu-
merical simulations which follow the entire stream, consider mag-
netic fields in the stream and pre-existing accretion disc and also
consider the accretion disc structure. Such simulations will also al-
low us to determine the slope of the light curve after tcutoff , which
cannot be predicted by our current model.
We encourage long-term observations of TDE candidates to
see if an abrupt cut-off is observed in their light curves, which can
be caused by a pre-existing accretion disc. Also, identifying the
quiescent luminosity that the TDE light curve settles to would in-
dicate the level at which a possible low-luminosity AGN radiates.
These two pieces of information, along with a constrain on the mass
of the SMBH, would allow us to determine the gas density pro-
file well-below the Bondi radius. Even the absence of a TDE light
curve cut-off yields important constrains on the gas density profile
(as demonstrated in the case of ASASSN-14li). Finally, long-term
observations may also be able to detect the late time emission as-
sociated with the accretion of the stalled stellar material, as briefly
discussed above.
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APPENDIX A: CONDITIONS FOR A SHOCK IN THE BDS
The temperature evolution of a tidally disrupted debris stream (for a
solar-type star) has been studied by Kasen & Ramirez-Ruiz (2010).
Initially, the debris stream evolves adiabatically until recombina-
tion starts when T = Trec ∼ 10
4 K, at which point the volume
of the stream is Vrec. During recombination, the temperature of
the star remains roughly constant until its volume has expanded to
V ′ ∼ (15)3Vrec (Kasen & Ramirez-Ruiz 2010). After this point,
the stream continues to evolve adiabatically. So the temperature of
the stream (Ts) as a function of volume is given by
Ts ≈


T∗
(
V∗
V
) 2
3
V∗ 6 V 6 Vrec (A1a)
Trec Vrec 6 V 6 V
′ (A1b)
Trec
(
V ′
V
) 2
3
V > V ′ (A1c)
where V∗ and T∗ are the initial volume and temperature of the star,
and
V = pi
(
h
2
)2
r (A2)
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is the volume of the stream. Using equations (6) and (7), we can
obtain how Ts evolves with time. For the relevant time-scales dis-
cussed in the main text, we need only (A1c) to describe the temper-
ature of the BDS. We find
Ts ≈
(15)2pi
4
9 2
1
6G
7
9mp
3
2
3 c
4
3
s kb
R∗M∗M
−
2
9
bh t
− 16
9 , (A3)
where kb is the Boltzmann constant.
The temperature of the shocked debris fluid (Tsh) can be ob-
tained using the shock jump conditions
Tsh ≈
5
16
mp
γkb
v2sh +
7
8
Ts ≈ 2× 10
−9v2sh +
7
8
Ts, (A4)
where γ = 5/3 and vsh is given in equation (13). In order
for a shock to exist (at tshock), we require the Mach number,
vsh/csound > 1. From the Rankine–Hugoniot conditions we find
this is equivalent to saying Tsh/Ts > 1. Evaluating this tempera-
ture ratio at tshock we find
Tsh
Ts
(tshock) =
c
10
3
s
γR∗
(
3−553c−16
2
219
2 pi12G7
(
µσT
mp
)8
M2bh
M∗
×
(
37 2
49
2 c16M3∗
pi4 55G3M6bh
)λ) 1
3(3−λ)
+
7
8
.
(A5)
From this equation we can, for instance, find a constraint on the
SMBH mass for which a shock exists, and it is given by
Mbh 6
(
3−5 53 c30s c
−16γ−9
2
165
2 pi12G7R9∗M∗
(
µσT
mp
)8
×
(
37 2
31
2 c16γ3R3∗M
3
∗
pi4 55G3 c10s
)λ) 1
2(3λ−1)
.
(A6)
This expression allows us to analytically determine the SMBH
mass at which the stalling mechanism of the BDS transitions from
shock crossing to momentum imparted by the disc (this transition
is seen as a discontinuous jump in Fig. 1 and Fig. 6).
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